bit crops has been soil fumigation with methyl bromide. Approximately 6% of all methyl bromide used for preplant soil treatment in vegetable crops throughout the world has been for watermelon and melon (21) . However, methyl bromide is being excluded from use in the United States (13, 22) . Furthermore, restrictions on the use of other soil fumigants and nematicides also are becoming more stringent. Consequently, managing root-knot nematodes in high-value crops is becoming more difficult, and predicted annual yield losses for watermelon are expected to reach 15 to 20% (8) .
Grafting scions of watermelon cultivars onto resistant cucurbit rootstocks is currently being considered by seed company breeders and extension scientists as a practical alternative to preplant soil fumigation with methyl bromide for managing soilborne diseases. Cucurbit grafting has been practiced in Asia (11, 12) for many years and has gained acceptance as a production method among growers in the Mediterranean region, including Israel (1, 5) and Turkey, which is the world's second largest producer of watermelons (25) . Grafting has provided a quick and effective solution for managing soilborne diseases such as Fusarium wilt in watermelon (1, 9, 15, 25, 26) and has alleviated the urgency to rapidly develop Fusarium wilt-resistant watermelon cultivars. Until recently, grafting of cucurbits has been considered impractical in the United States because of the high costs associated with grafting and maintaining newly grafted seedlings. However, the reduction of farmland acreage available to U.S. growers for vegetable cultivation along with the ban on methyl bromide has made grafting a realistic alternative for watermelon and melon growers.
Recently, bottle gourds (Lagenaria siceraria) and interspecific squash hybrids (Cucurbita moschata × Cucurbita maxima) were evaluated as rootstocks for commercial watermelon production in the southeastern United States (2) . In North Florida field trials, a severe infestation of root-knot nematodes unexpectedly occurred on all bottle gourd and Cucurbita rootstocks (unpublished data). In China, where farm land is limited and farmers are being forced to grow the same crop in successive years, root-knot nematodes have become a serious limitation for grafting to bottle gourd and Cucurbita rootstocks (Yong Xu, National Engineering Research Center for Vegetables, Beijing, China; personal communication). Identifying root-knot-resistant germplasm and developing resistant rootstocks would provide an economical and environmentally friendly method for managing root-knot nematodes in watermelon and melon.
A recent evaluation of 45 U.S. Plant Introductions (PIs) of bottle gourd (L. siceraria) collected from different geographic areas of the world indicated that many bottle gourds are highly susceptible to root-knot nematodes (6) . However, in recent evaluations of the U.S. PI Watermelon Collection for resistance to root-knot nematodes, we identified several accessions of the wild-type watermelon Citrullus lanatus var. citroides, which thrives in central and southern regions of Africa, that Four bottle gourd (Lagenaria siceraria) cultivars, one squash (Cucurbita moschata × C. maxima) hybrid, five wild watermelon (Citrullus lanatus var. citroides) germplasm lines, and one commercial wild watermelon (C. lanatus var. citroides) cultivar were evaluated as rootstocks for cultivated watermelon (C. lanatus var. lanatus) in fields infested with the southern root-knot nematode (Meloidogyne incognita) in Charleston, SC in 2007 and 2008, and in Quincy, FL in 2008. Commercial watermelon 'Fiesta' (diploid seeded) and 'Tri-X 313' (triploid seedless) scions were grafted onto the rootstocks in 2007 and 2008, respectively. In 2007, the plants grafted on rootstock from the wild watermelon germplasm line RKVL 318 had significantly less (P < 0.05) root galling than nongrafted 'Fiesta' watermelon or plants with the squash hybrid or bottle gourd rootstocks. In 2008, 'Fiesta' plants with rootstocks from all five wild watermelon germplasm lines and the commercial watermelon rootstock had significantly less (P < 0.05) root galling than plants with the squash hybrid or bottle gourd rootstocks. Root galling of the squash hybrid and bottle gourd rootstocks was severe (78 to 99%) in both years. Root galling for nongrafted 'Fiesta' and 'Tri-X 313' watermelon was 36 and 50%, respectively. Root galling for the wild watermelon germplasm lines ranged from 11 to 34% and 36 to 44% in 2007 and 2008, respectively. Wild watermelon germplasm lines derived from C. lanatus var. citroides were identified that may be useful as resistant rootstocks for managing root-knot nematodes in watermelon.
are moderately resistant to Meloidogyne incognita and M. arenaria races 1 and 2 (17, 18) .
Our objectives were to (i) compare rootstocks of experimental lines of C. lanatus var. citroides with commercial rootstocks of L. siceraria, C. moschata × C. maxima, and C. lanatus var. citroides for managing southern root-knot nematodes in grafted watermelon in Charleston, SC and Quincy, FL; and (ii) identify wild watermelon lines that may be useful for developing superior rootstocks that are resistant to root-knot nematodes and produce high yield and fruit quality on the grafted watermelon cultivars.
MATERIALS AND METHODS
Experiment 1, Charleston, SC, 2007. The experiment was conducted in a field site at the U.S. Vegetable Laboratory in Charleston, SC that was infested with M. incognita. Watermelon scion 'Fiesta' plants and rootstock plants were grown in 50-cell pro-trays (TLC Polyform, Inc, Minneapolis, MN). Three weeks after seeding, 'Fiesta' watermelon scions were grafted to each of the rootstocks using the one-cotyledon method (2). On 16 July 2007, grafted plants were transplanted into single-row plots on raised white plastic mulch beds on 2.0-m centers. The experimental design was a randomized complete block with six replications and each plot consisted of a single row of six watermelon plants spaced 60-cm apart. Five rootstock populations (designated RKVL) of C. lanatus var. citroides developed at the U.S. Vegetable Laboratory, United States Department of Agriculture-Agricultural Research Service in Charleston, SC were selected for use in the experiment. Commercial rootstocks or breeding lines also included in the study were four L. siceraria rootstocks 'Emphasis', WMXP 3938, WMXP 3944, and WMXP 3945; one C. lanatus var. citroides cv. 'Ojakkyo'; one C. moschata × C. maxima hybrid 'Strong Tosa'; and nongrafted diploid seeded watermelon 'Fiesta' (also used as the scion for all grafted rootstocks). Fruit were harvested and fruit weight and fruit numbers were recorded during the entire growing season. Approximately 12 weeks after planting, shoots of all plants were clipped and roots were lifted from soil and washed. Root systems of each plant were stained using the method of Thies et al. (19) and evaluated for severity of galling and egg mass production. Percentages of root system galled or covered in egg masses were visually estimated and recorded for each plant. Root systems from each plot were bulked, weighed, and cut into 1-to 2-cm pieces, and eggs were extracted in 1.0% NaOCl (3). Eggs were counted using a stereomicroscope. Galling and egg mass percentages were arcsine transformed and eggs per gram fresh root were log 10 (x + 1) transformed for analysis of variance to normalize data. Analysis of variance was conducted using the GLM procedure of SAS v.9.1 for Windows (SAS Institute Inc., Cary, NC) and means were separated using Fisher's protected least significant difference (LSD). Charleston, SC. The experimental design at each location was a randomized complete block design with six replicates. Numbers of fruit per plot and fruit mass were recorded during the entire growing season. Approximately 12 weeks after transplanting, roots were lifted from the soil. Percentages of root galling and egg masses present on the roots were recorded. Eggs of M. incognita were extracted from roots and counted as described for the 2007 experiment. Galling and egg mass percentages were arcsine transformed and eggs per gram fresh root were log 10 (x + 1) transformed for analysis of variance to normalize the data. Data were combined from both locations and then analyzed using the GLM procedure of SAS and means were separated by Fisher's protected LSD.
RESULTS
Experiment 1, Charleston, SC, 2007. Root-knot nematode infection was severe in the bottle gourd (L. siceraria) and the squash hybrid (C. moschata × C. maxima) rootstocks, with gall indices ranging from 3944 to 99.3% for 'Strong Tosa' ( Table 1) . Percentage of root galling was significantly higher (P = 0.05) on the bottle gourd ( Fig. 1A) and squash hybrid (Fig.  1B) rootstocks than on the watermelon 'Fiesta' (nongrafted) and the C. lanatus var. citroides lines (Fig. 1C and D) . Nematode reproduction was very high in 'Strong Tosa' (12,497 eggs/g of fresh root) and reproduction was moderate in the bottle gourds (1,251 eggs/g of fresh root for 'Emphasis' to 2,541 eggs/g of fresh root for WMXP 3944). Nongrafted 'Fiesta' supported 1,101 M. incognita eggs/g of fresh root. The C. lanatus var. citroides experimental lines and 'Ojakkyo' all had fewer than 500 eggs/g of fresh root. Nongrafted cultivated watermelon 'Fiesta' and Results of the analysis of variance showed that there were no cultivar-test interactions; therefore, analyses of the combined data sets are shown ( Table 2 ). Root-knot nematode infestation was severe at both test sites in South Carolina and Florida. The bottle gourd and squash hybrid rootstocks were highly susceptible, with root galling percentages ranging from 78.0% for WMXP 3945 to 96.1% for WMXP 3944. The bottle gourd and squash hybrid rootstocks had significantly higher percentages of root galling (P = 0.05) than 'Tri-X 313' watermelon (nongrafted and self-grafted, 49.7 and 50.5%, respectively), and all of the C. lanatus var. citroides accessions (range: 36.3% for RKVL 301 and RKVL 302 to 43.9% for RKVL 315). Nematode reproduction was high for the bottle gourds (2,792 eggs/g of fresh root for WMXP 3944 to 5,192 eggs/g of fresh root for WMXP 3938) and for the squash hybrid 'Strong Tosa' (3,279 eggs/g of fresh root). Nongrafted and self-grafted 'Tri-X 313' supported 386 and 587 M. incognita eggs/g of fresh root, respectively. All of the C. lanatus var. citroides experimental lines had fewer than 350 eggs/g of fresh root and 'Ojakkyo' had 711 eggs/g of fresh root. WMXP 3944 had significantly fewer surviving plants per plot than all of the other rootstock entries, including 'Tri-X 313' (self-grafted and nongrafted). 'Strong Tosa' had significantly fewer surviving plants per plot than RKVL 301 and RKVL 303. No significant differences were detected for total fruit yield (kilograms per plot) and total fruit number per plot.
DISCUSSION
Results of the present studies indicate that watermelon plants grafted on rootstocks of the wild watermelon (C. lanatus var. citroides) germplasm were resistant or moderately resistant to the southern rootknot nematode, M. incognita. In 2007, plants with the C. lanatus var. citroides rootstocks exhibited significantly less root galling than plants with the squash hybrid and bottleneck gourd rootstocks. Overall, the 2007 field experiment in Charleston, SC produced relatively low yields with all rootstock types. Although there was more nematode damage to their root systems, the bottle gourd and the squash hybrid rootstocks had a clear advantage in inducing fruit development over C. lanatus var. citroides rootstocks. In 2007, C. lanatus var. citroides produced highly vigorous vegetative growth but few female flowers and fruit. We attribute the low yield of C. lanatus var. citroides to the late planting date (16 July 2007) . Typically, the bottle gourd and squash hybrid rootstocks perform well under high temperatures such as occur in August in Charleston, SC.
In contrast with 2007, the two fields planted in 2008 produced comparable yields for all rootstock types. Furthermore, the C. lanatus var. citroides rootstocks were significantly more resistant to root-knot nematodes, having significantly less nematode reproduction and galling symptoms on their root systems, compared with the L. siceraria and squash hybrid rootstocks. These results indicate that the wild watermelon C. lanatus var. citroides lines, such as RKVL 315 and RKVL 318, could be useful rootstocks for watermelon. Further studies are underway to identify additional potential C. lanatus var. citroides rootstocks for watermelon.
The results in this study confirmed that the Citrullus accessions tested here showed durability of resistance to rootknot nematode in the field. These results are consistent with our earlier findings in the evaluation of seedlings of Citrullus accessions in greenhouse experiments (17, 18) . Grafting allows a rapid response to the development of new races of a pathogen if resistant rootstocks are available and provides an alternative to breeding new resistant watermelon cultivars for controlling soilborne diseases. In Japan and other parts of Asia, watermelons have been grafted on cucurbit rootstocks to suppress Fusarium wilt caused by Fusarium oxysporum f. sp. niveum W.C. Snyder and H. N. Hansen that causes Fusarium wilt in watermelon but not in the cucurbit rootstocks (1, 9) . However, the cucurbit rootstocks presently used for grafting watermelon are highly susceptible to rootknot nematodes. Here, the C. lanatus var. citroides rootstocks may offer a solution for suppressing root-knot nematodes and be useful to rotate with the cucurbit rootstocks if watermelon is grown in successive years in the same fields. The C. lanatus var. citroides rootstocks may also contribute to enhanced tolerance to abiotic stresses, more efficient water and nutrient use, and improved fruit yield and quality. It has been difficult to establish resistance to root-knot nematodes in cucurbit crops, including squash, pumpkin, melon, and cucumber. The resistance identified here and in previous studies among the C. lanatus var. citroides accessions (17, 18) might be a result of co-evolution of this species with root-knot nematodes in its center of origin in central Africa (4, 7) . The C. lanatus var. citroides accessions can be used not only as rootstocks but also in plant breeding programs to enhance watermelon cultivars for resistance to rootknot nematodes. Studies with different plant species indicated that resistance to root-knot nematodes in many host plant species are the result of gene-for-gene interactions. Still, there is not sufficient data from our preliminary experiments in watermelon to confirm or reject this assumption. The resistant accessions identified here are presently being used in genetic studies to ascertain the mode of inheritance for defense response to rootknot nematodes in watermelon.
